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ABSTRACT
Recent developments of high strength line pipe steel have seen a decrease in carbon
content from 0.25 wt% to less than 0.05 wt% and manganese to less than 1 wt% in an
attempt to reduce centreline segregation. The sulphur content should be less than
0.008 wt% as well. However, recent papers argued that low manganese levels in
pipeline steels have the potential to improve weld line toughness and allow a higher
tolerance for sulphur. Should this be true it would be possible to eliminate the usual
desulphurising treatments thereby decreasing the production cost. The current study
was designed to explore the effect of titanium on sulphide precipitation in steels with
higher sulphur contents than currently used in the pipeline industry.
The mechanical properties of steels are influenced by the type, shape and size of
sulphide precipitates. Titanium additions to low carbon steel influence the
precipitation behavior and composition of sulphide precipitates and could provide
grain refinement, precipitation strengthening and sulphide shape control. In the
present study, titanium was added to a low carbon, low manganese steel which
contained approximately 0.01 wt% sulphur in order to study the effect of titanium on
sulphide formation in the absence of other alloying elements.
Microscopic assessment of centreline sulphide precipitates revealed that irontitanium-sulphide co-exists with (Mn,Fe)S. An increase of the titanium content from
0.008 wt% to 0.024 wt%, results in an increase in the titanium content of irontitanium-sulphide phases and a decrease in the iron content of the (Mn,Fe)S phases.
In contrast to reports in the literature where it has been suggested that titanium can
dissolve in MnS and even that it is possible for TiS to replace MnS. This study has
shown that Ti replaces iron in FeS but does not dissolve in manganese sulphides. The
presence of FeTiS2 (trigonal CdI2-type structure with a P3m1 space group and lattice
parameters of a = 0.34 nm and c = 0.57 nm) precipitates has been verified for the first
time in steel.
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A concentric solidification technique in a laser-scanning confocal microscope was
employed to observe in situ, solidification and the precipitation of sulphides
following segregation of alloying elements into the remaining liquid. Microstructural
development of low carbon steel upon solidification has been observed in situ,
alloying element distributions were measured experimentally and sulphide
precipitates have been compared to the precipitates at the centreline of continuously
cast steel slabs. Microstructural development was similar in the two cases and some
aspects of alloying element segregation upon solidification of a slab can be simulated
experimentally by the use of the concentric solidification technique. There is a
remarkable similarity between the sequence of events decreased in the in-situ
observations and that occurring in industrially-cast slabs reported in the literature.
Sulphide precipitates at the centreline of concentrically solidified specimens are
similar in morphology and composition to precipitates in continuously cast steel slabs
and TEM analysis confirmed that FeTiS2 as well as MnS (containing iron) can form
on prior austenite grain boundaries in both cases.
The progression of the solid/liquid interface in plain Fe-C and Fe-Ni alloys was
simulated by using Diffusion Controlled TRAnsformation (DICTRA) software which
operates in conjunction with Thermo-Calc. Good correlation was found between
experimental results and computations. Solute build up in the liquid at the solid/liquid
interface was determined experimentally in Fe-Ni alloys and there was good
agreement between the calculated concentration gradient of nickel and experimental
measurements using an EPMA technique. Therefore, it is possible to determine
comparatively the centreline segregation with fairly elementary experimental
procedures and mathematical simulation at various steel compositions if DICTRA
and Thermo-Calc are provided with sufficiently accurate thermodynamic information.
Precipitates which formed in the solid state were assessed by carbon replication
techniques, transmission electron microscope studies and atom probe tomography.
Manganese and copper sulphides were the dominant sulphide precipitates. Copper
sulphides nucleated on manganese sulphides and formed a shell around rod-like and
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globular manganese sulphides. Iron did not dissolve in manganese sulphides and
therefore the manganese sulphides which formed in solid state have higher melting
points than sulphides formed on prior austenite grain boundaries at the centreline of
slab. Titanium nitrides were observed in various sizes and distributions. TiN acts as
nucleation sites for the precipitation of sulphides. An increase of the titanium content
from 0.008 wt% to 0.024 wt%, results in precipitation of a few micrometer TiN and a
decrease in the number of small cubic TiN precipitates.
Small particles (~ 10nm length and 3 nm thickness in size) that contain Ti, C, S and N
have been identified for the first time by the use of three-dimensional atom probe
tomography.
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Figure (6-6): In-situ observation of sulphide precipitation on the surface of the LSCM
sample
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Figure (6-7): Schematic illustration of solidification and precipitation by concentric
solidification technique
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Figure (6-8): SEM photograph of a colony of precipitates
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Figure (6-9): X-ray mapping of precipitates

133

Figure (6-10): Presence of liquid steel as well as two different solid phases (LSCM
sample)
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Figure (6-11): Solubility product [Ti][S] for (TiS)s precipitation as a function of
temperature
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Figure (6-12): Cross section of particles observed on the surface of concentrically
solidified specimen in the LSCM, (a) to (d) illustrate the cross section at different
magnifications
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Figure (6-13): TEM sample prepared by FIB from the particles observed in the LSCM,
(a) Selected area, (b) Pt coating of interested area, (c) Prepared TEM sample, (d)
Thined prepared TEM sample in higher magnification
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Figure (6-14): A bright field TEM image of layers in the sample shown in Figure (613)
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Figure (6-15): X-ray map prepared from TEM sample
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Figure (6-16): Manganese sulphide precipitate surrounded by iron sulphide
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Figure (7-1): Schematic view of a cross section (ABCD) of the concentrically
solidified specimen in LSCM
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Figure (7-2): Cross section of a concentrically solidified sample
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Figure (7-3): Fe–C phase diagram
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Figure (7-4): (a) Typical microstructure of continuously cast slab in an Al-killed steel
with 0.15 wt% C, 1.4 wt% Mn, 0.46 wt% Si and 0.003 wt% S, (b) An optical
micrograph of the centerline segregation in 0.1 wt% C, 0.3 wt% Mn and 0.001 wt% S
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Figure (7-5): Relative concentrations of Mn, Ti and S along a 7-mm length at the
centre of a concentrically solidified specimen (from steel A) at 20° C/min cooling rate
using line-scanning in electron probe microanalyses
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Figure (7-6): Segregation profiles of C, P an Nb at the centreline of a continuously
cast slab
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Figure (7-7): (a) Progression of δ-ferrite into the liquid pool (b) Progression of
austenite into the liquid pool following the peritectic reaction
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Figure (7-8): Formation of dendrites ahead of the advancing solid/liquid interface in
the last remaining liquid
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Figure (7-9): Relative concentrations of Mn along a 9.4-mm length at the centre of
concentrically solidified specimens (from Steel A) at different cooling rates using linescanning in EPMA analyses
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Figure (7-10): Relative concentrations of Mn, Ti and S along a 9.4-mm length at the
centre of concentrically solidified specimens (from Steel A) at 5 and 80°C/min
cooling rates using line-scanning in electron probe microanalyses
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Figure (7-11): The segregated area of a concentrically solidified sample in LSCM,
prepared from steel A in optical microscope. Sulphide precipitates formed on prior
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austenite grain boundaries followed by primary ferrite formation on further cooling.
(a) As polished (b) Etched in 2% Nital
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Figure (7-12): Sulphide precipitates and schematic clarification on prior austenite
grain boundaries observed at higher magnification a) Centreline of a slab (steel A), b)
Segregated area of a concentrically solidified specimen prepared from steel A
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Figure (7-13): High resolution scanning electron microscopy images of precipitates in
segregated area
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Figure (7-14): Concentration mapping (CM) of precipitates at the centreline of a slab
of steel A (EPMA)
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Figure (7-15): Concentration mapping (CM) of precipitates in the segregated area of a
concentrically solidified specimen from Steel A: (a) EPMA results (b) x-ray mapping
by SEM
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Figure (7-16): (a) Bright field image and EDS trace of precipitate formed in the
segregated area of a concentrically solidified specimen from steel A, (b) Selected area
diffraction patterns of the precipitate from two low-index planes
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Figure (7-17): Bright field image and EDS spectrum of a particle formed on grain
boundary of a concentrically solidified specimen prepared from Steel A
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Figure (7-18): Selected area diffraction patterns of the particle in three different lowindex planes of a precipitate formed in the segregated area of a concentrically
solidified specimen from steel A
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Figure (7-19): Selected area diffraction pattern of the ferrite phase in contact with the
sulphide particle (Figure (7-17))
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Figure (7-20): Bright field image and EDS spectrum of the particle in segregated area
of the segregated area of a concentrically solidified specimen from Steel A
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Figure (7-21): Selected area diffraction pattern of the particle in Figure (7-20)
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Figure (7-22): (a, b) Bright field TEM images (c) EDS spectrum of the bright area (A)
(d) EDS trace of the dark area of the particle in the segregated area of concentrically
solidified specimen of steel B
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Figure (7-23): (a) A bright field image of a particle in segregated area of a
concentrically solidified specimen in LSCM from steel B, (b) A schematic graph of
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Figure (7-24): (a, b) Selected area diffraction patterns of iron sulphide in Figure (723), (c) Selected area diffraction patterns of manganese sulphide in Figure (7-23)
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Figure (7-25): (a) Bright field image, b) EDS trace of a precipitate prepared from the
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segregated area of a concentrically solidified specimen from Steel B; (b) A schematic
illustration of the particle
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Figure (7-26): Selected area diffraction patterns of the precipitate in Figure (7-25)
which was prepared from the segregated area of a concentrically solidified specimen
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Figure (8-1): ): Fe-C Phase diagram showing local equilibrium at the solid/liquid
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Figure (8-2): δ-ferrite growth and peritectic reaction in Fe-0.18 pct C alloy in a
concentrically solidified specimen prepared by LSCM at cooling rate of 10 °C/min:
(a) Stable liquid pool at the initiation of solidification, (b) δ-ferrite growth into the
liquid, (c) Peritectic reaction, (d) Austenite growth into the liquid and transformation
of δ-ferrite to austenite
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Figure (8-3): Interface position versus time for Case A at 5 °C/min cooling rate

172

Figure (8-4): Schematic illustration of the concentric solidification technique with
essential temperatures shown (T3 > T2 >T1)
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Figure (8-5): Interface position versus temperature, Case A with adjusted experimental
data at 5, 10 and 20°C/min cooling rates
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Figure (8-6): Weight percent of carbon versus distance at default diffusion coefficient
of carbon, 10, 100 and 1000 times faster carbon mobility in liquid, (a): 300 seconds
after the initiation of solidification at 5 °C/min cooling rate, (b): 700 seconds after the
initiation of solidification at 5 °C/min cooling
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Figure (8-7): Confocal sample volume variation versus radius at constant thickness
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Figure (8-8): Interface position versus temperature for Case A simulation system at 5,
10 and 20°C/min cooling rate and higher carbon diffusivity in liquid
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Figure (8-9): Comparison of experimental data with simulation results at various
carbon diffusivity in the liquid
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Figure (8-10): Interface position versus temperature for Case B at 5, 10 and 20°C/min
cooling rates
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Figure (8-11): Interface position versus temperature for Case C simulations set at 5, 10
and 20°C/min cooling rates
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Figure (8-12): a) Carbon profile at 1 and 50 seconds after start of solidification at
20 °C/min cooling rate for Case B set of simulations, b) Carbon profile at 30, 80 and
120 seconds at 20 °C/min cooling rate for Case C set of simulations
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Figure (8-13): Schematic of the concentric solidification set-up, and corresponding
temperature distribution
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Figure (8-14): Pseudo-binary phase diagram of Fe-Ni
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Figure (8-15): Sequence of events happened during solidification of concentrically
solidified specimen at 5 °C/min cooling rate with corresponded nickel profile which
measured experimentally and calculated by simulation
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Figure (8-16): Comparison of nickel profile of a concentrically solidified specimen at
40 °C/min cooling rate with nickel profile calculated by Case B set of simulations
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Figure (8-17): One-dimensional diffusive model for banding in peritectic alloys
showing the mechanism and banding window

191

XXI

